The conserved cp32 plasmid family of Borrelia burgdorferi was recently shown to be packaged into a bacteriophage particle (C. H. Eggers and D. S. Samuels, J. Bacteriol. 181:7308-7313, 1999). This plasmid encodes BlyA, a 7.4-kDa membrane-interactive protein, and BlyB, an accessory protein, which were previously proposed to comprise a hemolysis system. Our genetic and biochemical evidence suggests that this hypothesis is incorrect and that BlyA and BlyB function instead as a prophage-encoded holin or holin-like system for this newly described bacteriophage. An Escherichia coli mutant containing the blyAB locus that was defective for the normally cryptic host hemolysin SheA was found to be nonhemolytic, suggesting that induction of sheA by blyAB expression was responsible for the hemolytic activity observed previously. Analysis of the structural features of BlyA indicated greater structural similarity to bacteriophage-encoded holins than to hemolysins. Consistent with holin characteristics, subcellular localization studies with E. coli and B. burgdorferi indicated that BlyA is solely membrane associated and that BlyB is a soluble protein. Furthermore, BlyA exhibited a holin-like function by promoting the endolysin-dependent lysis of an induced lambda lysogen that was defective in the holin gene. Finally, induction of the cp32 prophage in B. burgdorferi dramatically stimulated blyAB expression. Our results provide the first evidence of a prophage-encoded holin within Borrelia.
The spirochete Borrelia burgdorferi is the causative agent of Lyme disease, the most prevalent arthropod-borne disease in the United States and one that is of increasing importance worldwide (9) . If untreated, patients with Lyme disease develop an array of symptoms, often culminating in debilitating arthritis and neurologic disease (38) . Clinical and animal model studies reveal the presence of an immune response to a variety of spirochetal antigens following infection and colonization (6, 40) . However, the immune response is ineffective at eradication of the organism and may also play a role in the disease process in certain cases (2, 20) . Down-regulation of antigen synthesis and antigenic variation have been suggested to be important factors in the potentiation of immune evasion (30, 43, 44, 49) .
Considerable effort has been made to elucidate the molecular biology of B. burgdorferi (4, 34) . Central to this effort has been the identification of protein targets for the development of antibodies and vaccines that can be used to diagnose and potentially prevent Lyme disease. Efforts are also being made to develop new and more powerful recombinant DNA techniques as tools for the genetic manipulation of B. burgdorferi. All of the B. burgdorferi genospecies reported to date contain an ϳ1-Mbp linear chromosome and multiple linear and circular plasmids, the latter of which can account for up to one-third of the organism's coding capacity (11, 18) . Plasmid-encoded genes are believed to play an important role in virulence, since prolonged in vitro cultivation of B. burgdorferi and loss of plasmids result in a concomitant loss of infectivity (36, 46) . A large variety of antigens, many of which are plasmid-encoded membrane lipoproteins, have been described to date (for references, see references 11 and 23) . However, little is known about the precise function of most of these proteins. Specific roles in the establishment or maintenance of infection have been suggested for certain proteins (19, 22, 35, 49) . One of the major outer surface lipoproteins, OspA, has become the target for vaccine trials recently (37, 39) .
We previously reported the isolation and preliminary characterization of the small membrane-interactive BlyA protein of B. burgdorferi strain B31, which, together with BlyB, promoted hemolytic activity in an Escherichia coli strain carrying this locus (21) . In B. burgdorferi B31, the blyAB locus is located in a four-gene operon on the cp32 family of conserved circular plasmids and the lp56 linear plasmid (11, 12, 33, 42) . The Borrelia species causing relapsing fever have also been shown to contain cp32 plasmids carrying the blyAB operon (41). cp32 has recently been shown to be the BB-1 prophage, and linearized cp32 molecules are packaged into a bacteriophage particle upon induction with 1-methyl-3-nitro-nitrosoguanidine (MNNG) (16, 17) . The results presented here indicate that the blyAB locus is likely to encode a bacteriophage holin or holin-like system. Holins, a component of the lysis mechanism for all known tailed phages, are small proteins that form stable, nonspecific pores in the membrane, allowing endolysin access to the peptidoglycan (1, 47, 48) . In phage , gene S encodes the holin responsible for release of endolysin, encoded by gene R, into the periplasm (47, 48) . This report is about the first identification and characterization of a nonstructural gene product involved in bacteriophage function from a bacteriophage of spirochetes.
MATERIALS AND METHODS
Bacterial strains and plasmids. B. burgdorferi strains CA-11.2A (26) and B31 (ATCC 35210) were used. E. coli K-12 strains MM294 (27), MC4100 (10), and CFP201, containing the sheA::Tn5-2.1 allele (14), have already been described. MM294 sheA::Tn5-2.1 and MC4100 sheA::Tn5-2.1 (cI857 Sam7) were constructed from CFP201 by P1 transduction. MC4100 (cI857 Sam7), MC4100 (cI857 ⌬SR), and pUCS105RϪ, a pUC19 derivative containing the lambda S gene under the control of the lambda pЈ R promoter, were obtained from Ing-Nang Wang and Ry Young (Texas A&M University). pCD1 is a pUC19 derivative containing the blyA gene under the control of the lambda pЈ R promoter with the normal S gene ribosome-binding site. It was constructed utilizing a Seamless cloning kit in accordance with the manufacturer's (Stratagene) instructions as follows. Primers 5Ј-GGCTCTTCATCAACGTAAGGCGTTCCTCG ATATGC-3Ј and 5Ј-AACTCTTCAGTCTTACCCCCAATAAGGGGATTT GC-3Ј were used to PCR amplify pUCS105RϪ exclusive of the lambda S gene, and primers 5Ј-CCCTCTTCCGACATGGATACTATTAAATTAACAG AACTTC-3Ј and 5Ј-CCCTCTTCCTGATTAATCTCTTTTTTTAATGTGATT TTTGCC-3Ј were used to PCR amplify the coding sequence of blyA from pTG3. The products were then cleaved with Eam1104I, and the resulting DNA fragments were ligated together to give rise to pCD1, which was verified by DNA sequence analysis. pCID552 containing the transcriptional regulatory gene mprA has been described previously (15) . pUC18-derivative plasmids pDP1 and pTG3, which contain the blyAB locus of B. burgdorferi B31, as well as pDAK, in which this locus is deleted, have been described previously (21) . EP18 is an MM294(pTG3) derivative containing the blyA-L10F allele (21) .
Media and reagents. B. burgdorferi was routinely cultivated in Barbour-Stoenner-Kelly complete medium (3) (Sigma) at 34°C with a 5% CO 2 atmosphere. LB and LB plates supplemented with appropriate antibiotics were made as described by Miller (28) . Nutrient blood agar plates containing 5% sheep erythrocytes were purchased commercially (Remel) and spread with antibiotics as needed. DNA restriction and modification enzymes were purchased from New England Biolabs. DNA primers used for PCR, mutagenesis, and DNA sequencing were purchased commercially (Integrated DNA Technologies). Plasmid DNA was prepared utilizing the Qiagen system. All other reagents were laboratory grade or better and were purchased from Sigma or a comparable supplier.
Antisera. Antipeptide antibody directed against the C terminus of BlyA has been described previously (21) . For development of an antipeptide antibody directed against the C terminus of BlyB, a 20-mer peptide (DLKFNQEGK PIYKERTNNAK) was synthesized commercially (TANA Biologicals) and conjugated to keyhole limpet hemocyanin. Two New Zealand White rabbits were injected with 1 mg of conjugate suspended in complete Freund's adjuvant and boosted five times over 3-week intervals with a comparable dose of peptide suspended in incomplete Freund's adjuvant. The antibody was affinity purified on a Sepharose column containing the immobilized peptide.
BlyA and BlyB analysis in B. burgdorferi. Cultures of B. burgdorferi B31 and CA-11.2A (200 ml) were grown to log phase (Ͼ10 7 cells ml Ϫ1 ; A 600 , Ն0.05) and then split into two equal aliquots. One aliquot was treated with 10 g of MNNG ml Ϫ1 as described previously (17) , and the untreated control was treated similarly but without chemical induction. After an appropriate recovery time (ϳ60 h), the cells were sedimented at 8,000 ϫ g for 10 min at 4°C, washed in 1 ml of dPBS ϩϩ (138 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , 0.1 g of CaCl 2 liter Ϫ1 , 0.213 g of MgCl 2 ⅐ 6 H 2 O liter Ϫ1 ), and resedimented at 14,000 ϫ g for 5 min at 4°C in a microcentrifuge. The cell pellet was resuspended in 1 ml of dPBS ϩϩ , and the cell density (A 600 ) was determined. The cells were sedimented at 14,000 ϫ g for 5 min at 4°C and resuspended in an amount of water equal to the A 600 value multiplied by 200 l. An equal volume of 2ϫ sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading dye (125 mM Tris-HCl [pH 8.0], 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.0025% bromophenol blue) was added to each sample, which was heated at 100°C for 5 min. Aliquots were resolved by SDS-PAGE on duplicate 17.5% polyacrylamide gels. After electrophoresis, one gel was stained with Coomassie brilliant blue and destained while the other gel was blotted onto Immobilon-P. The membranes were probed with BlyA, BlyB, or OspC antiserum diluted 1:5,000.
RNA analysis. Cultures of MNNG-treated and untreated B. burgdorferi B31 and CA-11.2A (100 ml) were prepared as described above. RNA extraction was done using the Trizol reagent (Sigma) as described by the manufacturer. The RNA pellet was resuspended in 50 to 100 l of diethyl pyrocarbonate-treated water, and the A 260 was measured and multiplied by a factor of 40 g ml Ϫ1 and the dilution factor to determine the RNA concentration. RNA was resolved on a 1.2% agarose gel and transferred to Immobilon-Ny ϩ (Millipore) as described previously (25) . The probes for Northern hybridization were generated using the Prime-it II labeling kit (Stratagene) in accordance with the manufacturer's instructions. Probes were created using PCR (25 cycles of 92°C for 30 s, 50°C for 30 s, and 72°C for 3 min) with primers 5Ј-CAGAACTTCTTATCAAT-3Ј and 5Ј-GCCATTACCATTGCC-3Ј (for blyA) or 5Ј-CCAAAGATAATGTTG-3Ј and 5Ј-GATCTATGTTTGTATC-3Ј (for blyB). Northern hybridization was performed as described previously (7) .
BlyA and BlyB localization. A culture of log-phase MNNG-treated B. burgdorferi CA-11.2A (100 ml) was prepared and sedimented to collect cells as described above. The cell pellet was washed in 2 ml of ice-cold TBSP (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 g each of leupeptin, pepstatin, and aprotinin ml Ϫ1 ) and resedimented at 14,000 ϫ g for 10 min at 4°C. The pellet was resuspended in 2 ml of TBSP and then sonicated on ice (eight cycles of 30 s at a setting of 3.5 with 1-min recovery intervals). Cell lysis was evaluated by dark-field microscopy. Unlysed cells were removed by sedimentation of the crude extract at 6,000 ϫ g for 10 min at 4°C. Cell extracts were sedimented at 100,000 ϫ g (53,000 rpm) for 3 h at 4°C in a TLA100.2 rotor (Beckman), and the supernatant (S100) and pellet (P100) fractions were recovered. P100 was resuspended in a volume of TBSP equivalent to that of the S100 fraction. Samples were analyzed by SDS-PAGE and Western blotting as described above.
E. coli cultures (500 ml) were grown in LB supplemented with ampicillin at 100 g ml Ϫ1 , when appropriate, for 15 h at 37°C. Cultures were chilled on ice, and cells were sedimented at 15,000 ϫ g for 10 min at 4°C. The cell pellet was resuspended in 10 ml of ice-cold TBSP, and cells were disrupted by three passages through a prechilled French pressure cell (Aminco) at 16,000 lb/in 2 . Unbroken cells were removed by sedimentation at 3,000 ϫ g for 10 min at 4°C. A 5-ml volume of cell extract was sedimented at 100,000 ϫ g for 3 h at 4°C to give rise to supernatant (S100) and membrane pellet (P100) fractions. P100 was resuspended in an equivalent volume of TBSP. For SDS-PAGE analysis, samples were mixed with an equal volume of loading buffer (100 mM Tris-HCl [pH 6.8], 200 mM dithiothreitol, 4% SDS, 0.2% bromophenol blue, 20% glycerol) and heated at 100°C for 5 min and proteins were resolved by SDS-15% PAGE (24) . Gels were subjected to Western blotting (8) , and the BlyA and BlyB proteins were visualized utilizing a 1:5,000 dilution of the appropriate antibody and an ECL kit as described by the manufacturer (Amersham).
RESULTS
blyAB is nonhemolytic in an E. coli sheA mutant. Guina and Oliver previously hypothesized that BlyA is a hemolysin and that BlyB is required in some manner for BlyA synthesis, stability, or activity (21) . These conclusions were based on experiments performed with E. coli that contained the cloned blyAB locus. However, additional genetic characterization of this system led us to reevaluate this hypothesis. In particular, we noted that blyAB expression occurred specifically during stationary-phase growth, at which point the viability of the E. coli host declined precipitously (13) . Furthermore, the hemolytic activity against sheep erythrocytes and the cytotoxic activity against the host strain could be uncoupled genetically in certain blyAB mutants. These observations led us to consider the possibility that other activities may be induced by blyAB expression rather than resulting directly from the products of these genes. We speculated that BlyA might not be a hemolysin but rather that it could induce expression of a normally cryptic E. coli hemolysin. In order to test this hypothesis, we obtained a recently described E. coli mutant that is defective for the cryptic hemolysin SheA (14) . While sheA is normally silent in most laboratory E. coli K-12 strains, it can be derepressed under certain circumstances, such as by overproduction of particular transcriptional regulators, such as MprA (14, 15, 45) . The appropriate plasmid-containing sheA ϩ and sheA::Tn5 isogenic strains were constructed and tested for hemolytic activity. The result indicated clearly that hemolytic activity requires both an intact blyAB locus and a wild-type sheA gene, since the blyAB-containing, sheA-defective host was nonhemolytic (Table 1 ). Furthermore, the hemolytic phenotype of MM294(pTG3) on blood agar plates was visually similar to that of MM294(pCID552), which overproduced the transcriptional regulator MprA. These results suggest that SheA is the hemolysin in this system and that blyAB expression serves to directly or indirectly (see Discussion) induce sheA expression. These data also point out the utility of using the sheA mutant as a better host for the isolation of heterologous hemolysin determinants. BlyA structurally resembles holins. We noted previously that the BlyA protein is structurally similar to pore-forming toxins such as melittin and Staphylococcus aureus delta-hemolysin, since it contains a predicted hydrophobic ␣-helical region followed by a positively charged C terminus (21) . The predicted ␣-helical region, however, contains more residues than are necessary to form a single transmembrane helix, as well as a proline, a residue known to induce turns and disrupt helices, at its center (31, 32) . Taken together, these observations suggest that BlyA actually contains two ␣-helical regions interrupted by a proline residue. This structural model more closely resembles another class of channel-forming proteins called holins (48) . A comparison of BlyA to two group II phageencoded holins is shown in Fig. 1A . The first predicted helix is hydrophobic, while the second one is amphipathic (Fig. 1B) . In an oligomerized state, the charged surface of multiple BlyA amphipathic helices could line the aqueous channel of the holin pore. Holins are produced by virtually all bacteriophage as a highly conserved mechanism to facilitate the release of endolysin and cause cell lysis. Consistent with our hypothesis that BlyA is a prophage-encoded holin is the recent report that the cp32 plasmids that encode BlyA are prophages (16, 17) .
BlyA possesses holin activity. In order to test whether BlyA may possess holin activity, we utilized a genetic system developed by Wang and Young that incorporates the phage S gene, which encodes a holin (I.-N. Wang and R. Young, personal communication). This system involves complementation of a thermoinducible lambda lysogen that is defective for lambda holin (cI857 Sam7) with a plasmid containing the test gene of interest under the control of the lambda pЈ R promoter. blyA was cloned into the appropriate plasmid vector under lambda pЈ R promoter control while maintaining the S gene ribosome-binding site ( Fig. 2A) . Thermoinduction of the blyAcontaining lysogen MC4100 sheA::Tn5 (cI857 Sam7)(pCD1) resulted in a similar onset and extent of cell lysis compared to the control lysogen containing lambda holin, MC4100 (cI857 Sam7)(pUCS105RϪ), although the rate of lysis was somewhat slower than that promoted by lambda holin (Fig. 2B ). The fact that the blyA-dependent lysis occurred in a sheA-defective lysogen indicated that the SheA hemolysin played no role in the observed result. Furthermore, an isogenic blyA-containing lysogen that lacked both the lambda holin and endolysin genes, MC4100 (cI857 ⌬SR)(pCD1), failed to undergo lysis in this assay, indicating that cell lysis was specific for the release and action of lambda endolysin and was not simply due to BlyA overproduction and toxicity. This result suggests that BlyA has holin-like activity and can transport endolysin through the E. coli membrane, although a less specific mechanism that results in loss of membrane integrity allowing release of endolysin and cell lysis to occur cannot be excluded by our experiments. blyAB up-regulation upon phage induction. A previous attempt to visualize the BlyA protein from in vitro-grown cultures of B. burgdorferi by Western analysis was unsuccessful, although a minor amount of blyAB mRNA was detectable under these conditions (21, 33) . Our hypothesis that BlyA may be a prophage-encoded holin was further tested by assaying blyAB expression upon prophage induction with MNNG (17) . As expected for a holin, a marked increase in the level of the BlyA and BlyB proteins was observed in the MNNG-treated cultures while the basal level of these two proteins was low or undetectable in the untreated control cultures (Fig. 3) . B. burgdorferi strain CA-11.2A constitutively produces low levels of the BlyA protein (Fig. 3A) , consistent with its constitutively producing low levels of BB-1 phage (17) . The level of OspC, an outer surface protein encoded on a different plasmid (25), did not increase in either strain after MNNG treatment (data not shown). The increased level of the BlyA and BlyB proteins was correlated with the level of BB-1 phage in the culture supernatant as assayed by the presence of phage DNA (data not shown). Furthermore, the blyAB transcript level was assayed upon phage induction. This analysis revealed a substantial increase in the level of blyAB mRNA after MNNG treatment ( Fig. 4) . Again, the extent of this increase was correlated with the level of BB-1 DNA (linearized cp32) in the culture supernatant (data not shown).
Subcellular localization of BlyA and BlyB. One reason that BlyA was originally suggested to be a hemolysin was based on its partitioning between soluble (ϳ25%) and membrane (ϳ75%) fractions in E. coli (21) . By contrast, holins are solely membrane associated (48) . In order to reinvestigate this issue, fractionation studies were performed with both B. burgdorferi and E. coli. In both organisms, BlyA was found to be entirely membrane associated (i.e., contained solely within the P100 fraction) while BlyB was found to be a soluble protein (i.e., contained within the S100 fraction) ( Fig. 5 and 6 ). To reconcile our results with those published previously, after sedimentation of the E. coli extract, we divided the S100 into four frac- pЈR, blyA, AmpR, and ORI indicate the major rightward promoter of lambda, the blyA gene, the ␤-lactamase gene, and the plasmid replicative origin, respectively. (B) Strains were grown in LB supplemented with ampicillin (100 g ml Ϫ1 ) at 30°C for 70 min, after which the cell density of all cultures was adjusted to an A 600 of 0.1. At an A 600 of 0.2, the cultures were shifted to 42°C (0 min) for 15 min and then placed at 37°C for monitoring of cell lysis. Similar results were obtained in two different trials. Symbols: }, MC4100 (cI857 Sam7)(pUCS105RϪ); s, MC4100 sheA::Tn5 (cI857 Sam7)(pCD1); OE, MC4100 (cI857 ⌬SR)(pCD1). tions (from top to bottom), as well as a small amount of S100 that was closest to the pellet. Only the latter fraction contained a small quantity of BlyA protein, suggesting that the prior result was due to contamination of the soluble fraction by small membrane fragments (Fig. 6A and data not shown). A similar result was obtained with EP18, which contains the blyA-L10F allele and was previously suggested to produce mostly soluble BlyA protein (21) . It is worthy of note that the BlyB protein was found to be enriched in the bottom S100 fractions despite the fact that most other soluble proteins were equally abundant in all four S100 fractions ( Fig. 6A and data not shown) . This result suggests that the small BlyB monomer (10 kDa) is likely to oligomerize or associate with a larger protein in E. coli. Finally, we tested whether our results were due to aggregation of the BlyA protein in E. coli rather than authentic membrane association. For this purpose, BlyA localization was repeated using floatation sedimentation to separate membranes from proteins based on their different densities. P100 was loaded at the bottom of a solution of metrizamide and sedimented to form a density gradient that allows floatation of membranes to the top of the gradient while proteins remain at the bottom. The BlyA protein was present in the top fraction along with membranes, suggesting an authentic association with the membranes (Fig. 6B) .
DISCUSSION
Previously, the blyAB locus was isolated from B. burgdorferi B31 based on the hemolytic activity of an E. coli strain containing the cloned genes (21) . From genetic and biochemical analyses of the system, Guina and Oliver suggested that BlyA is a hemolysin and that BlyB is required in some manner for BlyA function. In the present study, we were able to show that the blyAB locus is nonhemolytic in an E. coli sheA mutant. This result suggests that the otherwise cryptic SheA hemolysin is responsible for the observed hemolytic phenotype and that blyAB expression only serves to derepress sheA expression. Since sheA induction normally requires production of a transcriptional regulator, BlyB may be directly responsible for the transcriptional up-regulation of sheA, particularly given its previously documented role in BlyA synthesis or stability (21) . A recent report demonstrated that a global transcriptional regulator for anaerobic growth from Pasteurella haemolytica, FnrP, also leads to sheA induction and a hemolytic phenotype in E. coli (45) . Given the complexity of growth phase-specific genetic circuitry and the fact that blyAB expression is growth phase dependent in E. coli (13) , indirect models of sheA induction by blyAB expression need to be considered.
The physiological role of the BlyA protein in B. burgdorferi is more likely illustrated by the dramatic decrease in cell growth and viability observed in the E. coli system during stationary-phase growth (13) . Indeed, sheA expression is not ordinarily toxic to E. coli (14) . We propose that BlyA has a cytotoxic role as a bacteriophage holin or holin-like protein. Holins are a widely distributed class of small, channel-forming membrane proteins encoded by bacteriophage that oligomerize during the phage lytic cycle to allow release of endolysin, resulting in cell lysis. They comprise at least two membranespanning helical domains and a highly charged C terminus (48) . Several lines of evidence are consistent with this hypothesis. First, based on the uniform size of the B. burgdorferi chromosome and the conserved size and distribution of the cp32 plasmid family, Casjens et al. proposed that cp32 is a prophage (11, 12) . This suggestion has received experimental support by the recent isolation of bacteriophage BB-1, which contains linearized cp32 molecules, from the supernatant of B. burgdorferi strains that constitutively shed virus or can be induced to produce virus by treatment with MNNG (17) . In this paper, we show that both expression of blyAB and synthesis of the BlyA and BlyB proteins were dramatically increased when B. burgdorferi was treated with MNNG; this increase correlated with BB-1 phage production. Second, like other holins, BlyA was found to fractionate solely with the membrane. Third, the structural architecture of BlyA is similar to that of other holins in that it is likely to contain two membrane-spanning ␣ helices and a charged C terminus. Fourth, Western blots have demonstrated a tendency of BlyA to oligomerize (13) . Fifth, blyA is one of 28 genes in a putative phage late operon (or late regulon), and its location near the 3Ј end is a position occupied by lysis genes in many other temperate phages (16) . Finally, and most importantly, a lysis system in which BlyA was substituted for lambda holin resulted in a rapid-lysis phenotype characteristic of holins. Our results provide the first indication for the presence of a prophage-encoded holin within Borrelia. However contrary to known holins, we recently found that BlyAinduced lysis of E. coli was prevented by treatment of the heat-induced lambda lysogen with cyanide (C. Damman and D. Oliver, unpublished results), which ordinarily triggers holin oligomerization and premature cell lysis (48) . Although we emphasize the caveat that the kinetics of cell lysis mediated by BlyA in E. coli was slower than that mediated by S protein and cyanide did not induce lysis, a heterologous system was utilized to demonstrate function by complementation and the cell lysis was dependent on the R protein. The transport of endolysin through a putative Borrelia pore in an E. coli membrane is rather remarkable. Additional studies employing sophisticated biochemical and biophysical approaches are now warranted to confirm and extend our work, particularly given the difficulty with genetic approaches to the study of gene function in B. burgdorferi and the cp32 plasmid family.
Three possible roles for BlyB, which are not necessarily mutually exclusive, can be envisioned on the basis of our work. BlyB could be a regulatory factor, an assembly factor, or an endolysin. The observation that BlyB is required for BlyA production, as well as sheA derepression, is consistent with a role as a regulatory factor, and indeed, several transcriptional regulators have been isolated based on sheA induction (14, 15, 45) . The two-way genetic interaction between blyA and blyB noted previously (blyA mutations affect BlyB levels and vice versa) may be explained by some sort of protein-protein interaction, albeit transient in nature (13, 21) . This view is consistent with the previous proposal that BlyB serves as a chaperone or assembly factor for BlyA (21) . Finally, in addition to a role in BlyA synthesis or stabilization, BlyB could be an endolysin, since endolysin genes are often located adjacent to their companion holin genes (16, 48) . While BlyB shows no homology to any known endolysin and had no lytic activity in E. coli, the phylogenetic distance between spirochetes and proteobacteria and the difference in peptidoglycan composition between these two groups of organisms make these observations inconclusive (5) . Additional characterization of the blyAB system in the biology of B. burgdorferi and phage BB-1 should clarify these points. However, taken together, the structural and functional data presented here suggest that the BlyA and BlyB proteins play an important role in the lysis of B. burgdorferi cells during the last stage of the BB-1 lytic cycle.
